. 3 Spinal fusion is commonly performed to correct adolescent idiopathic scoliosis, a condition which affects 2%-3% of children between the ages of 10 and 16 years.
One of the largest contributors to overall cost of this surgery was inpatient hospital stay (22%). 4 Hence, enhanced recovery after surgery (ERAS) protocols have been adopted after major surgeries including spine surgery, to hasten discharge, lower rates of morbidity and improve long-term outcomes. 5, 6 Most ERAS protocols for spine surgery utilize multimodal opioid-sparing strategies including intravenous (IV) acetaminophen and nonsteroidal anti-inflammatory drugs like ketorolac for postoperative pain management. 6, 7 The United
States Food and Drug Administration approved IV acetaminophen in 2010. 8 Since then, the use of IV acetaminophen has been growing rapidly in the postoperative setting; however, the drastic increase (140%) in its price since 2014 raises concerns about the cost-effectiveness of its routine use.
Overreliance on opioid therapy increases risk for opioid-related complications. Opioid use could result in adverse effects on the gastrointestinal system, including emesis and constipation, which can delay recovery and discharge from the hospital, 3 resulting in significant increases in healthcare costs. 9 Since the use of IV acetaminophen and ketorolac after invasive surgery decreases opioid consumption, 10 we hypothesized that the use of IV acetaminophen (© Mallinckrodt Pharmaceuticals, Dublin, Ireland) and/or ketorolac (© Hospira, Lake Forest, IL, USA) as opioid adjuncts would be costeffective compared with the use of opioids alone. To our knowledge, the cost-effectiveness of the use of these medications has never been evaluated before in the context of pediatric major surgery.
Using a decision analytic model, we evaluated the cost per opioid side-effects avoided, when subjects received only opioids, IV acetaminophen in addition to opioids, and IV acetaminophen + IV ketorolac, for postoperative analgesia, after spine fusion. We considered patient and surgical factors, perioperative opioid consumption, opioid-related adverse effects, treatment of adverse effects, and the cost of each strategy, in this analysis.
| PATIENTS AND METHODS
After approval by the institutional review board at Cincinnati Children's Hospital, a prospective study was conducted in 106 otherwise healthy, opioid naive subjects aged 10-18 years, undergoing spine fusion for correction of idiopathic scoliosis. Patients were excluded if they were pregnant or breastfeeding; if they had used opioids in the past 6 months or had a history of chronic pain, liver or renal disease.
Hence, all recruited patients were otherwise healthy except for scoliosis. Standard physical therapy and discharge criteria were used over the time period of this study. Data were collected as part of a larger pharmacogenomic study registered with ClinicalTrials.gov (NCT01839461 and NCT01731873). Appropriate consent and assent were obtained from participants and legal guardians/parents. The surgeries were all performed by 2 surgeons.
All patients received standard anesthesia consisting of midazolam, fentanyl and total intravenous anesthesia (propofol and remifentanil) during the surgery. All patients also received dexamethasone 8 mg and ondansetron 0.1 mg/kg for anti-emesis prophylaxis during surgery. None received nitrous oxide in the intraoperative phase.
After surgery, they received patient controlled analgesia (PCA) with morphine or hydromorphone and rescue doses available for severe pain. The PCA setting was standardized for weight. While PCA was
What is already known
Enhanced recovery after surgery protocols increasingly use multimodal analgesia with intravenous acetaminophen and intravenous ketorolac as opioid adjuncts, which are known to be opioid-sparing.
What this article adds
The cost-effectiveness of multimodal strategies has not been studied before. Our study shows that the use of a combination of acetaminophen and ketorolac in multimodal postoperative analgesia protocols for major pediatric spine surgery is less costly and more effective than opioids or acetaminophen alone as an adjunct.
ordered by the pain team for everyone after spine fusion, IV acetaminophen was per pain team discretion, and availability of the IV formulation; although literature has supported the use of ketorolac limited to 48 hours after surgery, with no increased risk for either adverse effect, 11, 12 ketorolac was avoided if the surgeon expressed concern regarding its use due to risk for bleeding/nonfusion in the particular subject. The doses administered were standard; IV acetaminophen was dosed at 15 mg/kg (maximum 1000 mg) every 6 hours for 3 days, with first dose given intraoperatively, and ketorolac at doses of 0.5 mg/kg (maximum 30 mg) every 6 hours for a total of 8 doses, starting either intraoperatively or on POD1 morning. For this study, subjects were grouped according to the following 3 strategies: patients receiving opioids alone (Strategy opioids only), opioids + IV acetaminophen (Strategy opioids + acetaminophen), and opioids + IV acetaminophen + ketorolac (Strategy opioids + acetaminophen + ketorolac). and every day beyond, and enema on POD4, if no bowel movement happened by then. Per os (PO) acetaminophen was started after discontinuation of PCA and only after oral intake was adequate in groups that did not receive IV acetaminophen and after IV acetaminophen course was completed in those who received IV acetaminophen.
| Data
We recorded patient demographics (age, race, and gender), weight, scoliosis curve and number of vertebral levels fused. Pain scores were recorded by nurses every 4 hours while patient was on PCA.
Epic flowsheets and nursing notes were reviewed for respiratory rates, and intake output charts for episodes of emesis and the initial postoperative day on which 50% meals was tolerated orally (PO intake 
| Effectiveness
Effectiveness was defined as avoidance of any significant opioid side-effect. Since occurrence of opioid side-effects are nonmutually exclusive, the probability was calculated based on the following rule:
, where the probability (P) of either side-effect A or B occurring is given by P (any/either side effect) = sum of P (of each side effect occurring) À P (side effects occurring together). 
| Statistical analysis

| Decision analytic model
The decision model assessed the choice between using opioids only, opioids + acetaminophen, and opioids + acetaminophen + ketorolac Hence, for each strategy, patients may require high-dose morphine (HDM) or low-dose morphine (LDM) (defined as > or ≤1.2 mg/kg morphine consumption on POD1 and 2, respectively; cut-off 1.2 mg/kg was used as this is the average value for the entire cohort).
Based on our inter-group analyses, we modeled the occurrence of PONV, delay in PO intake and constipation, as the gastrointestinal side effects of opioids are known to delay hospital discharge, as well as LOS is an important component of costs from surgery. Pain scores were not included as opioid consumption is a surrogate for pain. Finally, the outcome avoidance of opioid side effects was calculated for side effects that were significantly different among the 3 strategies.
| Costs
Costs were based on a health-care system perspective. Cost data obtained from hospital purchasing based on 2015 U.S. dollars represent costs to the institution. They include in-hospital costs of facilities, medications, supplies, and labor on postoperative days. We modeled costs of treatment of adverse effects, for example, use of ondansetron for emesis, suppository for constipation, oxygen/respiratory therapy/naloxone for respiratory depression. Of note, we did not include surgery, surgical supplies, pharmacy, laboratory testing, radiology, blood, and respiratory therapy charges that were delivered on the day of surgery, or professional costs for physicians-as these costs would be the same for all strategies, and thus would not impact the calculation of the incremental C/E ratio (ICER). Each chargeable item is given a charge description master (CDM) code within the hospital billing system. These CDM codes can then be categorized based on detailed revenue codes such that all charges can be separated. Charges may reflect varied policies for reimbursement, making them an arbitrary representation of true resource use. 14 Hence, costs and no charges were used to represent the consumption of resources.
3 | RESULTS
| Demographics and cohort variables
The overall mean age for the cohort was 14.4 AE 2 years. 68.4%
were female, average weight was 56.7 AE 15.2 kg, and 84.2% were White. The opioids only, opioids + acetaminophen, and opioids + acetaminophen + ketorolac strategies included 36, 26, and 44 patients, respectively. Demographics and perioperative cohort variables are presented in Table 1 . The groups were comparable demographically. First dose of ketorolac was administered starting on POD1 in 66% of those who received ketorolac.
| Opioid consumption and comparison of analgesia and opioid side effects
All patients received morphine as the PCA drug per the pain team; hence, no conversion to morphine equivalents was required.
Mean morphine use on POD1, LOS, time to PO intake, and mean postoperative day for suppository use for the cohort were 
Decision analytical model for determining cost-effectiveness of the use of 3 strategies for postoperative analgesia after spine fusion surgery: opioids alone, opioids + intravenous (IV) acetaminophen (APAP), and opioids + IV acetaminophen + ketorolac. The decision node is denoted by the filled square, while the chance events following the 3 strategies were similar and are indicated by filled circles following the brackets. The decision tree evaluated each strategy based on probabilities of occurrence opioid side effects/outcomes in highdose and low-dose morphine subgroups (cut-off of morphine requirement 1.2 mg/kg/d, which was the average for the cohort). The base values included for probabilities of postoperative nausea vomiting (PONV), delayed per os (PO) intake, constipation, and hospital length of stay are detailed in Table 3 . Cost-effectiveness was defined as the cost of the strategy to avoid significant opioid side effects | 241 provided in Table 1 . None of the subjects in the cohort required admission to intensive care units or use of naloxone. Compared with those who received only opioids, subjects receiving the opioids + acetaminophen had decreased opioid consumption (P = .006) but no significant differences in opioid side effects.
Compared with those who received only opioids, subjects in the opioids + acetaminophen + ketorolac strategy had significantly less opioid consumption (P = .002), earlier tolerance of meals (P < have not been presented.
| Cost data
The costs of facilities, medications, supplies, and labor used in the model are summarized in Table 2 . The cost of hospital stay per day includes room/board (64.5%), pharmacy (9.0%), occupational and physical therapy (OT/PT) (10/8%), radiology, respiratory, supplies, blood bank, research lab, and other costs. We analyzed the average costs each day from POD 1 to POD 6 for every patient, for each of the categories mentioned above ( Table 2 ). The total cost per day 
| Base-case analysis
The base case values for key model parameters are shown for each strategy in Table 3 . They are stratified by the need for either lowor high-dose morphine (HDM). The probability of needing HDM was highest for those receiving opioids only (89%), compared with opioids + acetaminophen (58%) and opioids + acetaminophen + ketorolac (52%) strategies. The risk of needing HDM relative to the strategy opioids + acetaminophen + ketorolac was 1.12 and 1.71 for the opioids + acetaminophen and the opioids only strategies, respectively. The probability of opioid side effects was lower in the LDM compared with HDM subgroups in opioids + acetaminophen and opioids + acetaminophen + ketorolac strategy and lower in the HDM subgroup in the opioid-only strategy. Probabilities of occurrence of both delayed PO intake and constipation occurring together in every subgroup were used to model effectiveness, as they were significantly different among the strategies. Hence, probability of any significant opioid side effect was calculated as (P both (delayed PO intake) + P (constipation)) À P both (delayed PO intake and T A B L E 1 (Continued) For significant P-values (<.05), 95% CI or relative risk-10 (RR) with 95% CI are presented. Pain was measured using the 0-10 Numerical Rating Scale. PO, per os; POD, postoperative day; #Delayed oral intake defined as initial postoperative day on which 50% meals was tolerated >2 d; @Constipation defined as needing enema/suppository after POD 3;
Variable
*Missing values. constipation) ( Table 3) . Effectiveness was defined as freedom from opioid side effects (ie, 1 À the probability of any significant opioid side effect) in each subgroup.
In the base case, opioids + acetaminophen + ketorolac strategy dominated the other 2 strategies by being the least costly and most effective strategy (Table 3) . Opioids only was the most expensive and least effective strategy. The strategy opioids + acetaminophen had an intermediate cost and effectiveness compared with the other 2 strategies, but was still dominated by opioids + IV acetaminophen + ketorolac.
| Sensitivity analyses
We performed sensitivity analyses to determine the impact of uncertainty on a variety of parameter values. In Figure 2 , we examined the ICER between opioids + acetaminophen vs opioids + acetaminophen + ketorolac to assess the impact of (i) probability of needing HDM and (ii) probability of significant opioid side effect with HDM. The opioids-only group was not included in this analysis, since it was dominated in the base case. As shown in panel A, as the probability of requiring HDM in the opioids + acetaminophen strategy increases from 0 to 0.16, the ICER increases, meaning the opioids + acetaminophen strategy becomes increasingly more costly per significant side effect avoided.
Beyond a probability of 0.18, the opioids + acetaminophen + ketorolac strategy dominates by being less costly and more effective than opioids + acetaminophen. The base-case value of this parameter is 0.58. The one-way sensitivity analysis in panel B examines the probability of significant opioid side effects in the opioids + acetaminophen strategy. As the probability increases, the ICER increases, meaning opioids + acetaminophen becomes increasingly costly for the benefit provided. At a probability exceeding 0.47, opioids + acetaminophen + ketorolac dominates by being less costly and more effective than opioids + acetaminophen. The base-case value of this parameter is 0.67.
In a second set of sensitivity analyses (Figure 3) , we examined the impact of changes in the cost of IV acetaminophen. Since this parameter has a similar effect on both strategies containing IV acetaminophen, in these one-way sensitivity analyses, we compared the opioids + acetaminophen + ketorolac strategy to the T A B L E 2 Costs used in the model and average daily costs per postoperative day per patient in US $categorized by hospital service
Variable (unit) Unit cost estimate ($)
Cost of ketorolac vial (30 mg/mL) 6.00
Cost of IV ondansetron (4 mg/2 mL) 1.14 Cost of IV fluids (5% dextrose + 0.45% normal saline, 1000 mL) 5.03
Cost of IV tubing 7.00
Cost of IV acetaminophen (1000 mg/100 mL bottle) 42.50
Cost of oxycodone (5 mg 
One-way sensitivity analysis examining the incremental cost-effectiveness ratio of the opioids + intravenous (IV) acetaminophen (APAP) strategy compared with the opioids + IV acetaminophen + ketorolac strategy as a function of the probability of requiring high-dose morphine for adequate analgesia (Panel A), and the probability of any significant opioid side effect from high dose-morphine in the opioids + IV acetaminophen strategy (Panel B).
In the first panel, as the probability of requiring HDM in the opioids + IV acetaminophen increases from 0 to 0.16, the ICER increases, meaning the opioids + IV acetaminophen strategy becomes increasingly more costly for the benefit of opioid side effects avoided. Beyond a probability of 0.18, the opioids + IV acetaminophen + ketorolac strategy dominates by being less costly and more effective. The base-case value is 0.58. The opioids-only strategy was not included since it was a dominated strategy in the base-case analysis. Panel B shows that as the probability of significant side effects in the opioids + acetaminophen strategy increases from 0 to 0.47, the ICER increases, meaning the opioids + acetaminophen strategy becomes increasingly costly for the achieved benefit. At a probability exceeding 0.47, the opioids + acetaminophen + ketorolac strategy dominates (less costly and more effective at avoiding side effects) and the base-case value is 0.67
One-way sensitivity analysis examining the incremental cost-effectiveness of the opioids + intravenous (IV) acetaminophen (APAP) + ketorolac strategy compared with the opioids-only strategy (Panel A) as a function of cost of the 1000 mg (100 mL) IV acetaminophen bottle (shown on the x-axis). Present cost (2015 US $) is $42.50. The opioids + IV acetaminophen + ketorolac strategy continues to be the dominant strategy up to a cost of $121 per bottle. Beyond that cost, the strategy of opioids + IV acetaminophen + ketorolac has an increasing ICER. At per bottle costs exceeding $1200 (not shown in the figure) , the opioids-only strategy becomes dominant. Panel B shows the costs for each of the 3 strategies at different costs per 1000 mg bottles of IV acetaminophen. At a cost exceeding $121 per bottle, the opioid-only strategy becomes the least costly the per bottle cost of IV acetaminophen. At the base case cost of $42.50, opioids + acetaminophen + ketorolac is the least expensive.
| DISCUSSION
In the current setting of rising healthcare expenditures, it is increasingly important to deliver safe healthcare in a cost-effective manner.
Multimodal analgesia strategies using IV acetaminophen and ketorolac decrease opioid overreliance following major surgery. To assess the cost-effectiveness of including these analgesia adjuncts, we compared cost per significant opioid side effect avoided for 3 strategies ERAS protocols are increasingly used following spinal fusion in patients with idiopathic scoliosis to facilitate early discharge; however, the cost efficacy of the therapeutic components used has not been studied in detail. 16 Our results are consistent with prior research findings in adults undergoing orthopedic surgeries, where use of IV acetaminophen was found to decrease costs and lower LOS. 17, 18 In adults undergoing obstetric, cardiovascular, colorectal, and orthopedic surgeries, authors report decreased opioid-related complications by 28.7%
and LOS by 18.5% by the use of IV acetaminophen, with estimated cost savings of $4.5 million. 19 Another retrospective study evaluating the use of IV acetaminophen after spinal surgery reported decrease in postoperative opioid use, but they did not find decreased subsequent antiemetic or laxative use. 8 However, their study size was small (n = 34), and the acetaminophen doses were not standardized. Unlike the studies mentioned above, our study has the advantage of being prospective and uses standardized weight-based acetaminophen dosing. We show that opioid consumption and side effects, as well as LOS, are reduced by 0.5 days and the IV acetaminophen strategies are more effective and less costly than using opioids alone. Subjects receiving only opioids had the largest relative risk of needing highdose morphine and a correspondingly higher probability of both delayed PO intake and constipation from opioid use, with a tendency to longer LOS. These results substantiate the well-known opioid adverse effects on the gastrointestinal system. 20 Although we did not evaluate the effect of side effects on LOS, our results are consistent with previous report of a relationship between the number of opioid induced adverse effects per patient and increased LOS. 23 Our study is also the first to formally evaluate cost-effectiveness of combined IV acetaminophen and ketorolac pain management strategies in pediatric subjects undergoing major surgery. Prior studies of ketorolac as a sole adjunct after pediatric orthopedic procedures reported decreased morphine use, 21 decreased gastrointestinal side effects, enhanced early mobility, and shortened LOS after spine surgery. 22, 23 However, concerns have been raised regarding the negative effects of ketorolac on platelet function, gastric ulceration, renal toxicity, and osteoblastic proliferation after spine fusion. 24 There is increasing evidence over the past few years that impaired bone healing happens with higher doses (120-240 mg/d) 25 and longer duration (>14 days) of treatment with ketorolac. 26 Therefore,
we can safely advocate the use of ketorolac for 8 doses along with IV acetaminophen as cost-effective opioid adjuncts, especially in patients at risk for requiring high doses of opioids.
This study does not address the optimum number of postoperative doses of IV acetaminophen and whether to switch to oral acetaminophen when patients start eating. Pharmacokinetic studies have consistently shown that mean plasma concentrations are significantly higher with IV rather than oral administration of acetaminophen as it avoids first-pass hepatic metabolism 27 and 100% of patients achieved therapeutic plasma concentrations (66 lmol/L) in the IV group compared with only 35% in the oral group, which lasts longer. [28] [29] [30] A recent meta-analysis concluded that for patients who can take an oral dosage form, no clear indication exists for preferential prescribing of IV acetaminophen, and decision making must take into account other considerations such as convenience and cost. 31 Since the average time to tolerating PO was 2.3 days in our study, it is more relevant to ask whether IV acetaminophen would remain cost-effective if switched to PO formulation on the second POD-this needs further study.
Our study is timely and significant for the following reasons: (i) increasing use of IV acetaminophen in the United States has resulted in substantial increases in costs for the drug, and (ii) the anticipated transition from traditional "fee-for-service" models to "bundled payment," whereby health care providers are encouraged to deliver care more efficiently and to improve quality, cost, and outcomes. 32 Increase in medication costs makes it necessary for physicians to justify the use of medications based on their costs vs efficacy and makes cost-effectiveness studies very relevant. Sensitivity analyses ( Figure 3) showed that even if IV acetaminophen costs increased 3-fold (~$121 per 100 mL), the opioids + IV acetaminophen + ketorolac strategy would dominate the opioid-only strategy.
The cost impact to decreasing postoperative LOS has been suggested to be minimal. 33 In our study, we found that costs following spine fusion in relatively healthy adolescents were mainly driven by room/board, OT/PT and pharmacy costs, as has been previously described. 17 Observed increase in costs on POD4 was unexpected and is partly explained by 4-fold higher costs for OT/PT on POD4 than POD3. Room/board costs on POD4 were also high, which we believe might have been inaccurate as variable direct costs attributable to nursing were not included for many patients on POD 1-3, while 100% of nursing costs had been included on POD4. While this billing structure presumes nursing staff adjusts with patient turnover, given the staffing levels large hospitals are committed to, it might be beneficial to treat them as direct fixed costs to prevent such oversights. Our findings that subjects in the strategies that included IV acetaminophen were discharged on average 0.5 day earlier could be extrapolated to 63 fewer hospital days for the 106 patients in this study. Indirect benefits relating to quicker return to familiar settings for the child, and decreased disruption of life quality for the parents, especially if they have other children to care for, and earlier return to work were not included in our cost-effectiveness analysis, but would only add to the ICER of multimodal analgesia.
The cost-effectiveness of the intraoperative combination of IV acetaminophen and IV opioids vs IV opioids alone after tonsillectomy has been evaluated in a pediatric ambulatory setting. Similar to our results that focuses on the cost-effectiveness of IV acetaminophen over the range of hospital stay after major surgery in an inpatient setting, IV acetaminophen in combination with opioids was both less costly ($17.12) and more effective (3.3% fewer rescue events), and hence reduced overall costs after tonsillectomy. 34 The price of IV acetaminophen has, however, increased drastically since the publication of the tonsillectomy study.
Our study is limited by the lack of randomization, and absence of an adequate "ketorolac-only" treatment group for comparison.
The groups, however, were based on real-world clinical scenarios and the decision to use acetaminophen or ketorolac was based on drug availability, cost concerns and surgeon preference, and not deliberate bias by the pain physician. Since the only variation to standardized pain management involved the drugs being studied, this provided a convenience sample for us to conduct this study. Treatment groups were comparable demographically; surgical variation was minimal, and the dosing of acetaminophen and ketorolac was standardized; however, the study is limited by the fact that the phase of care in which ketorolac dosing was started was not standardized. We did not collect laboratory evidence of liver function.
Acetaminophen overdoses have been associated with cases of acute liver failure, at times resulting in liver transplant and death. However, most of the cases of liver injury are associated with doses that exceed the maximum daily limits, and often involve more than one acetaminophen-containing product, and not clinically appropriate doses. 35 We would like to emphasize that although this is a small, nonrandomized study, we not only report results from our study, we have also constructed a model that allows us to study the impact of uncertainty around parameter values and that our conclusions are robust within reasonable bounds around these base case values.
Moreover, a recent editorial described why efficacy and costs measured in randomized clinical trials, while being essential to evidencebased medicine, may not capture cost-effectiveness of treatment strategies in less controlled, real-world clinical settings. 2 
| CONCLUSION S
In conclusion, the addition of IV acetaminophen + ketorolac to opioids for postoperative analgesia in adolescents undergoing major spine surgery is more effective at decreasing opioid side-effects at lower costs, when compared with the use of IV acetaminophen alone as an adjunct or only opioids. Sensitivity analyses suggest that in patients who have a low risk for needing high morphine doses (lower pain response, minor surgery), or opioid side effects (genetics affecting opioid pharmacokinetics or pharmacodynamics), the opioids + acetaminophen strategy may be a reasonable alternative. Finally, opioids + acetaminophen + ketorolac strategy continues to be costeffective within a range of potential future cost increases for IV acetaminophen. Use of only opioids as mainstay analgesia after major surgery is least effective at decreasing opioid side effects and is the most expensive strategy.
